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ABSTRACT
Instantaneous velocity and vorticity distributions around a circular cylinder close
to the free-surface of a progressive wave are investigated. The cylinder is placed
horizontally along the span of a wave tank at various values of depth of submergence,
relative to the nominal (quiescent) location of the free-surface. Instantaneous, quantitative
flow visualization involves use ofhigh-image-density particle image velocimetry (PIV).
The patterns of vortex formation formed from the cylinder are highly asymmetric
with respect to the vertical plane of symmetry of the cylinder. Vortex formation occurs
not only from the surface of the cylinder, but also from the free-surface. As the depth of
submergence of the cylinder increases, vortex formation from both sides of the cylinder
tends to become more symmetric. For all cases, however, patterns of vortices repeat from
cycle to cycle ofthe wave motion.
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1. Introduction
1.1 Objective
The overall objective of this research is to study the patterns of vortex formation
from a stationary, circular cylinder under a water wave. The cylinder was placed
horizontally along the width of the wave tank at various depths beneath the free-surface.
Many experiments on vortex formation from a cylinder have been carried out, but
only a few of them were performed in a wave tank, involving a progressive wave past a
cylinder. Rather, most previous studies have focused on either a stationary cylinder in a
steady flow field or a sinusoidal motion of a cylinder in quiescent fluid. Studies that have
been performed under a water wave have focused more on force measurement than on the
nature of the vortex formation.
The specific objective of the present study is to provide the first instantaneous
velocity and vorticity distributions about a cylinder close to the free-surface of a
progressive wave.
1.2 Previous Investigations
Studies of vortex formation from circular cylinders have been of interest for many
years. Most studies have focused on qualitative description of vortex formation either
from a stationary cylinder in an oscil1ating flow field or from an oscil1ating cylinder in
quiescent fluid. Sarpkaya and Isaacson (1981) reviewed the mechanisms of vortex
formation from a circular cylinder under a water wave. A study of the patterns of vortex
formation from a circular cylinder oscillating in quiescent fluid was done by Williamson
(1985). He interpreted the flow around the cylinder as a function of the Keulegan-
Carpenter number (KC), defined by 21tAlD, and the Reynolds number (Re), UD/v. The
relationship between the Keulegan-Carpenter number and Reynolds numbers is as follows:
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Re = KC(fD2/v), where fD2/v is the dimensionless frequency. Williamson divided the
values of the KC number into ranges according to their vortex patterns: the symmetric
regime with KC :::; 4; the asymmetric regime, 4 < KC :::; 7; the transverse street or single
pair regime, 7 < KC :::; 15; the double-pair regime, 15 < KC :::; 24; and the three-pair
regime, 24 < KC :::; 32.
For the case of a stationary cylinder in a steady flow field, Obasaju, Bearman, and
Graham (1988) also investigated the flow around a circular cylinder as a function of KC
and Re numbers, and found general agreement with the results obtained by Williamson.
They divided the KC number into ranges similar to Williamson's. The symmetric regime
was also found as KC:::; 4.
The investigations of Williamson (1985) and Obasaju et. al. (1988) agree that
when KC :::; 4, the vortex formation around the cylinder is symmetric. This result may not
hold in the present study since an unsteady water wave with orbital motion was generated
past a cylinder, in contrast to uniform, oscillating flow past a stationary cylinder or an
oscillating cylinder in quiescent fluid.
The most recent study of patterns of vortex formation from an oscillating cylinder
in quiescent fluid was carried out by Lin, Phetkong, Sheridan, and Rockwell (1996). In
their experiments, a cylinder undergoing vertical oscillation penetrated a free-surface. A
KC number of 9.98 was used. They found that several patterns of nearly-symmetrical
vortices could occur during an oscillation cycle. The results obtained from the free-
surface penetration were compared with the case of the completely-submerged cylinder,
which generated asymmetrical patterns ofvortices.
Patterns of vortex formation around a circular. cylinder in a wave tank were
determined by Jarno-Druaux and Belorgey (1994). They also measured forces on the
cylinder. The experimental setup was similar to the setup of the present experiments: The
cylinder was fixed to the walls of the wave tank, and a water wave was generated. In their
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study, only one depth of submergence of the cylinder was studied. It was located at h =
164 mm beneath the free-surface; the dimensionless depth of the cylinder, hID, was 4.1.
The water depth in the wave tank was 550 mm, thus the cylinder was relatively far from
the free-surface and the bottom of the tank. The KC number, defined by UrnTID, where
Urn is the maximum horizontal velocity measured at the cylinder elevation, used in their
study was 2.3. Jarno-Druaux and Belorgey did not address in detail the vortex formation
from the cylinder. However, parts of their results are shown in Figure 2a.
Another investigation of vortex formation from a circular cylinder under a water
wave was done by Jarno-Druaux, Sakout, and Lambert (1995). They studied both the
vortex formation and the force on the cylinder in a wave tank. A circular cylinder was
placed horizontally along the width of the wave tank with a gap, e, between the cylinder
and the inner wall of the tank. Experiments were performed for values of dimensionless
gap elD = 0.09 and 0.5. The KC number, defined by 2nAID, where A is the wave
amplitude, was 4.9. The Reynolds number, UrnD/v, where Urn is the maximum velocity of
the wave, was 1800. The wave period was 1.08 s, and the wave amplitude was 47 mm.
Flow velocities were measured using a TSI two-color laser Doppler velocimeter, and the
images from the two cases, corresponding to the same time, were compared. The velocity
measurements showed that the vortex patterns from the two cases were different due to
side wall effects. Figure 2b shows the instantaneous velocity vectors around the cylinder
for two different values of elD.
Additional, related studies have involved a variety of configurations. Chaplin
(1984) measured forces experienced by a circular cylinder submerged horizontally in deep-
water waves; Justesen (1991) performed a numerical study of oscillating flow around a
circular cylinder using a Navier-Stokes approach; Stanby and Smith (1991) studied
viscous forces on a circular cylinder in orbital flow at low Keulegan-Carpenter numbers,
while Wang and Dalton (1991) undertook a finite-difference calculation of oscillating flow
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past a rigid circular cylinder. Chaplin (1994) performed experiments on orbital flow
around a circular cylinder including the effect of steady streaming in non-uniform
condition. Very recently, Anagnostopoulos, Iliadis, and Ganoulis (1995) studied the flow
patterns and response parameters of a circular cylinder vibrating in-line with an oscillating
stream.
Up to this point, the following issues have remained unresolved: (i) the
instantaneous velocity and vorticity distributions about a cylinder close to the free-surface
of a progressive wave, and (ii) the patterns of vortex formation from both the surface of
the cylinder and the free-surface. This present research will address these issues.
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2. Experimental System and Techniques
2.1 Experimental Apparatus
The experiments were performed in a glass wave tank. The top and side views of
the test section are shown in Figure la, and the closeup of the test section is shown in
Figure lb. The tank has a width of 0.43 m, a length of9.14 m, and a height of 0.90 m.
The level of water in the wave tank was kept constant at 700 mm to ensure proper
operation of the wavemaker, which was located at one end of the tank. The wavemaker
was connected to a microcomputer which controlled its motion. A wave absorber was
located at the other end of the tank to ensure that there was negligible wave reflection,
which would interfere with the incoming waves. A plastic cylinder having a diameter of
50.8 mm (2") was located 1280 mm (25.2D) from the end of the wave absorber. The
cylinder was placed along the width of the tank at various depths of submergence from the
free-surface (h). A free-surface wave having frequency (f) and an amplitude (A) was
generated past the cylinder.
Three experiments were conducted. In the first experiment, the top surface of the
cylinder (h) was 0 mm beneath the nominal elevation of the free-surface. A wave having a
frequency f = 0.35 Hz and an amplitude A = 13.5 mm was generated past the cylinder.
The corresponding KC number, defined by 2nAID, was 1.67 and the dimensionless
frequency, fD2/V, was 972. In the second experiment, the top surface of the cylinder was
located at a distance h = 9 mm below the free-surface, and the wave had a frequency f =
0.30 Hz and an amplitude A = 13 mm. The corresponding KC number was 1.61 and the
dimensionless frequency, fD2/V, was 833. In the third experiment, the top surface of the
cylinder was placed at h = 26 mm below the free-surface, and a wave having a frequency f
= 0.25 Hz and an amplitude A = 20 mm was generated. The corresponding KC number
was 2.47 and the dimensionless frequency, m2/v, was 694. During each experiment, hmin
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and hmax, the minimum and maximum level of the free-surface as measured from the top
surface of the cylinder, were measured. All experimental parameters mentioned are
summarized in Table 1.
2.2 Experimental Techniques
Instantaneous, quantitative flow visualization involved the use of a laser scanning
version ofhigh-image-density particle image velocimetry (PlY). It provides instantaneous
velocity fields. It has been proven to be a powerful tool for determining unsteady flow
fields. As stated by Keane, Adrian, and Zhang (1995):
Flow measurement by particle imaging techniques yield large numbers of
instantaneous velocity vectors from which flow structure can be visualized and
quantitative spatial information (such as two-point spatial correlation) can be
obtained. The performance of a PlY system is defined by its spatial resolution,
detection rate and accuracy. The spatial resolution for correlation analysis, either
autocorrelation or cross correlation, is bounded by the size of the measurement
volume, which is determined by the intersection of the illumination light sheet with
the interrogation spot density distribution.
Comprehen'sive descriptions of the PlY method are also given by Gray & Greated
(1987), Adrian (1991, 1995), Rockwell and Lin (1993), and Rockwell et al (1992, 1993).
In the present experiments, the water in the wave tank was seeded with 12-micron
diameter, metallic-coated particles. The movement of the particles, which indicates the
flow structure, were visualized by scanning an 8.0 Watt Argon-Ion laser over the plane of
interest. These scanning laser sheets were produced by reflecting the beam from a rotating
mirror having 48 facets. The corresponding scanning frequency was 384 Hz.
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2.3 Plane of Interest
The experiments focused on vortex formation from the cylinder. The center of the
cylinder was located 25.2D from the end of the wave absorber. The plane of interest is
the rectangle around the cylinder shown in Figure 1b. This plane was located a distance of
0.63D from the inner wall of the tank.
2.4 Image Processing and Evaluation
Instantaneous flow images were recorded by a Nikon F4 camera with a 105 mm
lens and Tmax 35 mm Kodak film, having a high resolution of300 lines per mm. After the
experiments, the film was developed. The negatives were then scanned with a Nikon 35
mm Film Scanner, having a resolution of 125 pixels per mm. The magnification factor of
the images used in the experiment (M) was 1:6.5. The magnification factor is defined by
Ip'lp' where If is the length of an image on the film and, Ip is the physical (real) length of
the same image.
Next, the digitized images were interrogated into velocity files by USIng the
program PIV3 (Seke, 1993). The window size was 90 pixels x 90 pixels, corresponding
to 0.72 mm x 0.72 mm, with a 50% overlap. The corresponding grid size on the film was
0.36 mm x 0.36 mm. PIY3 interrogates and places a vector in the center of each grid.
After the interrogation procedure, the program V3 (Robinson, 1992) was used to clean Up
the "bad" vectors, i.e, the vectors that resulted from interrogating over dark, ambiguous
region of the images. As a result, the current vector file had some spots that did not
contain any vectors. The program NFILV (Lin, 1994) was then used to fill in the spots
that were missing vectors. NFILY fills in the missing vectors by averaging the four-corner
neighboring vectors.
Following these processes, these vector files were ready for the next procedure,
which involved creation of vorticity contours and streamlines. To create vorticity
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contours, the program SURFER (Golden Software Inc., 1989) was used. The minimum
vorticity, cumin' maximum vorticity, cu max' and the vorticity increment, L\cu, were kept
constant for all images so that vortex patterns could be compared among the images. To
create streamlines, the program V3 was used.
Due to the presence of low level, residual vorticity from the previous cycles of
oscillation, the program FILTER (Seke,1993) was used to filter out high frequency noise
in the selected velocity vector files, i.e, the velocity files from which streamlines would be
created. The filter characteristic length scale was 18.95 mm, corresponding to 0.37D.
This filter was applied only for construction of the streamline patterns.
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3. EXPERIMENTAL RESULTS
3.1 Penetration of cylinder through free-surface.
The experimental parameters used in this experiment, designated as case 1, are
shown in Table 1. Calculation of the orbital parameter, n, was performed after Lighthill
(1978), and is shown in Appendix D. Figures 3a through 3c show vortices formed during
an oscillation cycle at each value of h. When referring to vortices throughout this thesis,
thin white lines represent negative vortices, and thicker white lines represent positive
vortices, where positive circulation is counter-clockwise.
First, the process of vortex formation shown in Figure 3a will be addressed. The
top left image, corresponding to tiT = 0, contains a vortex pair A-B. Vortex A has been
~
shed from the top-right surface of the cylinder, and vortex B lies close to the free-surface
above vortex A. The image also contains vortex C, which was generated during the
previous cycle and lies to the right of vortices A and B, vortex D, generated from and
attached to the bottom surface of the cylinder, and vortex E, generated from and attached
to the top-left surface of the cylinder. The values of dimensionless circulation r* = rl1t
UwD, where Uw is the maximum vertical velocity of the wave, for each vortex is
calculated. All vortices have relatively large values of r* lying in the range -1.28 ::; r* ::;
0.75. The corresponding velocity field (top-right image) shows that the direction of the
flow is from left to right. All velocity vectors are oriented to the right, except the swirl
pattern of velocity that indicates vortex A. The flow on top of the cylinder is relatively
fast, due to the confinement between the free-surface and the surface of the cylinder.
At time tiT = 0.15 (Figure 3a), vortex E is no longer evident. Vortex C has moved
further to the right. Vortex D has increased in scale and moved along, while remaining
attached to, the surface of the cylinder. Vortex A has elongated and broken into two
parts, the larger part lies above the smaller one. Similar to vortex A, vortex B, which lay
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at the free-surface in the previous image, has moved downward and further away to the
right, has also elongated and broken into three parts. The main part lies close to the right
of vortex A and two small parts on top and bottom of vortex A. The values of
dimensionless circulation r* of vortices A through C have decreased. They lie in the
range -1.03 ::::; r* ::::; 0.51, but the value of dimensionless circulation of vortex D has
increased. The corresponding velocity field shows a relatively large swirl pattern
associated with vortex A. The flow on the top surface of the cylinder has reversed its
direction from the previous image.
At a later time, tiT = 0.31 (Figure 3b), only vortices A and B are evident, and the
corresponding velocity field contains relatively small magnitude vectors around the
cylinder. The main part of vortex A still lies close to its counterpart, vortex B, which has
decreased in scale. Remarkable is the abrupt disappearance of vortex D, perhaps due to
three-dimensional effects associated with the change in direction of the flow exterior to
the cylinder, as shown in the velocity field in the top-right velocity Image. The
dimensionless circulation r* of vortex A = -0.86, and of vortex B = 0.23.
At a later instant, tiT = 0.46, shown in Figure 3b, a new positive vortex, G, has
been created; it is attached to the left surface of the cylinder. The corresponding velocity
field shows relatively large velocity vectors 'from the bottom to the left surface of the
cylinder, in contrast to the velocity vectors in the previous image, which were much
smaller. At a distance well below the bottom of the cylinder, the velocity vectors are
horizontal and all pointing to the left. Vortex A and its counterpart, vortex B, still remain
close to each other. The values of dimensionless circulation r*of vortices A, B, and G lie
in the range -0.59 ::::; r* ::::; 0.23.
At tiT = 0.62 (Figure 3c), vortex G has been shed from the surface of the cylinder
and induced a new negative vortex, H, which is attached to the cylinder. The orientation
of vortex A at this instant differs from the previous image; it has rotated about 45°
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counterclockwise. Vortex B has decreased in scale and moved to the left of vortex A,
closer to the cylinder. The values of r* of all vortices lie in the range -0.56 =:; r* =:; 0.20.
The corresponding velocity field is similar to the field of the previous image, except the
current has considerably larger velocity vectors. At this instant, the velocity vectors near
the free-surface are pointing upward as the free surface starts to lift up from the top
surface of the cylinder.
At the next instant, tiT = 0.77 (Figure 3c), the vortex pair G-H has moved up
along the cylinder surface. Vortex B is no longer evident. At a point in the cycle, a very
interesting phenomenon occurred. The distortion of the free-surface as it lifts up from the
top surface of the cylinder abruptly induces a positive layer of vorticity I, which lies
horizontally at the free-surface. The values ofr* of all vortices lie in the range -0.47 :::; r*
=:; 0.35. The velocity vectors near the bottom-right surface of the cylinder are oriented
upward at an angle of 45° with respect to the vertical. At this location, the flow splits into
two directions: one portion travels to the left and around the cylinder, and the other
portion to the right and around the other side of the cylinder. The two parts meet again at
the top surface of the cylinder. Velocity vectors at the free-surface are pointing upward as
the free-surface lifts itself up from the top surface of the cylinder.
In general, these patterns were repetitive from cycle to cycle. Further details are
given in Appendix A. All vorticity images have the same minimum, maximum, and
incremental values of vorticity, corresponding to (i)min = -40 s-l, (i)max = 40 s·l, and ~(i)
= 2 s·l. Note that, in all the vorticity images, the solid lines represent positive vortices,
and dashed lines represent negative vortices.
3.2 Cylinder located immediately beneath the free-surface.
The experimental parameters used in this experiment, designated as case 2, are
shown in Table 1. In this case, the top surface of the cylinder remained below the free-
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surface at all times during the oscillation cycle. Figures 4a through 4c show the sequence
ofvortex formation during one cycle.
In the top-left image of Figure 6, corresponding to tiT = 0, a negative vortex, A,
and positive vortices B, C, and D have been formed. Vortex B lies at the free-surface,
while vortices C and D are attached to the bottom surface of the cylinder. The values of
dimensionless circulation r* of all vortices lie in the range -2.35 ::::; r* ::::; 0.3. The
corresponding velocity field shows a large swirl pattern of velocity vectors above the top-
right surface of the cylinder, close to the free-surface. It is associated with vortex A. The
velocity vectors near the bottom surface of the cylinder are considerably larger than
vectors at other locations; they go around the bottom surface and split into two portions.
One portion of the pattern of vectors is oriented horizontally to the right. The other is
oriented upwards toward the free-surface.
At a later instant, tiT = 0.13 (Figure 4a), vortex B has completely disappeared.
Additional vorticity concentrations, vortices E and F, have formed. Vortex A has traveled
further to the right, away from the cylinder, as shown in the corresponding velocity field.
Vortex C is no longer evident, but vortex D has elongated and remains attached to the
cylinder. As a result of the disappearance of vortex C, the size of vectors around the
bottom surface of the cylinder are smaller compared to the previous image. The flow on
top of the cylinder now has reversed its direction from the previous image. The values of
r* of all vortices lie in the range "-1.49 ::::; r* ::::; 0.12.
At the next instant, tiT = 0.25 (Figure 4b), vortices E and F have essentially
disappeared. Vortex A has elongated and moved to the right, away from the cylinder.
Vortex D has moved down along, while remains attached to, the surface of the cylinder.
A new positive vortex, G, has formed along the top-right surface of the cylinder. The
values ofr*ofvortices A, D, and G are, respectively, -1.3, 0.19,0.10. The top-right
image shows the corresponding velocity field. The flow on top of the cylinder remains to
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the left. However, the flow around the bottom of the cylinder has reversed its direction
from the previous image. The flow is now going to the left.
At a later time, tiT = 0.38 (Figure 4b), vortex A has continued to move further to
the right. Vortex D is no longer detectable. Vortex G has moved up to the upper surface
of the cylinder. Positive vortices H and I have formed from the upper left side of the
cylinder. The corresponding velocity field shows large scale velocity vectors at the top,
bottom, and left sides of the cylinder. Vortex I is attached to the top surface; vortex H
lies to the left of vortex 1. The values of r* of all vortices lie in the range -1.19 ~ r* ~
0.83.
At tiT = 0.5 (Figure 4c), vortex A continues to move further to the right, as shown
in the corresponding velocity field. Interaction with the free-surface creates four small
vortices lying in a horizontal line close to the free-surface. Vortex G is no longer evident.
Vortex I is larger than at the previous instant due to continuous shedding of vortices from
the surface of the cylinder. Vortex H has moved out of the area of interest. A new
negative vortex, J, was formed from the interaction, from the previous instant, between
vortex I and the surface of the cylinder. Large scale velocity vectors around the left
surface of the cylinder show the formation of vortex 1. Finally, a new positive vortex, K,
has been formed from the bottom surface of the cylinder, as shown by the large scale
vectors around the bottom surface. The values of dimensionless circulation of all vortices
lie in the range -0.55 ~ r* ~ 0.23.
The bottom-left image of Figure 4c shows the vortex pattern at tiT = 0.63. At this
instant, vortex A has decreased in strength, become smaller, and traveled further to the
right. The small vortices that are close to the free-surface, as mentioned for the previous
image, (tIT = 0.50), have disappeared; only one small scale vortex remains. Vortex J has
lost its identity. Vortex K has lost some outer levels and decreased in strength.
Moreover, the circulation of vortex I has decreased. The values of r* of all vortices lie in
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the range -0.61 ~ r* ~ 0.27. The flow on top of the cylinder at this instant has changed its
direction from the previous images, as shown in the corresponding velocity field. Large
scale velocity vectors travel around the left surface of the cylinder and continue along the
top surface. Velocity vectors adjacent to the free-surface are pointing upward as the free-
surface moves upward during the upstroke wave motion.
Further details and an intermediate series of these vortex patterns are given in
Appendix B. All vorticity images have the same minimum, maximum, and incremental
values ofvorticity, corresponding to CO min = -40 s-l, CO max = 40 s·l, and L\co = 2 s-l.
3.3 Cylinder located well beneath the free-surface.
The experimental parameters used in this experiment, designated as case 3, are
given in Table 1. Figures Sa to Sc show the vortex patterns formed during one cycle. At
the beginning of the cycle, tiT = 0.0 (Figure Sa), vortex C has been generated from the
bottom surface of the cylinder, and vortices A and B from the top surface of the cylinder.
Vortex B is attached to the top surface of the cylinder, but vortex A has detached and
traveled to the right. A cluster of vortices, cal1ed D, and its negative counterpart, vortex
E, have also been generated at this instant. The values of dimensionless circulation r* lie
in the range -2.16 ~ r* ~ 1.80. The corresponding velocity field shows relatively large
vectors oriented to the right. This pattern of vectors splits at the cylinder. One part of the
vector pattern is around the upper surface of the cylinder. The other part is around the
bottom surface of the cylinder, and joins with the first part, as they form vortices A and B.
At a later instant, corresponding to tiT = 0.14 in Figure Sa, vortex A has traveled
further to the right of the cylinder. Vortex B has broken into two parts; the main part is
detached from the cylinder and travels to the left, the other part remains attached to the
cylinder. Vortex C moves up along the cylinder surface. At this instant, a new layer of
vorticity, I, has been generated due to the distortion of the free-surface. Vortex E has
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moved out of the area of interest. Portions ofvortex D are still detectable, two of them lie
adjacent to the free-surface at the left of the cylinder. The values of r* lie in the range
1.90 ::;;r* ::;; 0.75. The bottom right image shows the corresponding velocity field. The
bottom left corner of the image shows the undisturbed area with almost zero magnitude
velocities. Velocity vectors at the top of the cylinder have reversed direction from the
previous image. The vectors now travel from right to left. Larger scale velocity vectors,
at the top-right corner, show vortex A traveling rapidly to the right.
At tiT = 0.29 (Figure 5b), vortex A has traveled further to the right. The main
part of vortex B has become smaller and moved up to the free-surface. The smaller part
of vortex B has detached from the cylinder and traveled downward. Only one part of
vortex D is evident; it lies below the free-surface, close to vortex B. Vortex I is no longer
evident. A new positive vortex, J, has been generated from the top surface of the cylinder,
. as shown by large scale velocity vectors at the upper left surface of the cylinder. The
values ofr* lie in the range -1.80 ::;;r*::;; 1.07. The velocity field at this instant is uniform
and is oriented from right to left. The pattern ofvectors splits then rejoins on the opposite
side of the cylinder.
The bottom-left image in Figure 5b shows the vortex pattern corresponding to tiT
= 0.43. Vortices Band D have moved out of the field of view. Vortex J has elongated
and moved upward. Vortex A travels further to the right away from the cylinder. The
value of r* of vortices A and J has decreased. A new positive layer of vorticity, N, has
been created at this instant by the fluctuation of the free-surface. The velocity field at this
instant looks very similar to the previous instant (tiT = 0.29).
At tiT = 0.57 (Figure 5c), vorticity layer N lies just beneath the free-surface.
Vortex A appears as four regimes of vorticity. Vortex J has elongated and broken into
two regimes; the larger one has traveled to the left of the cylinder, and the smaller one is
still attached to the surface of the cylinder. Finally, at this instant, a new negative vortex,
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P, has been formed from the upper left surface of the cylinder. The velocity field is still
oriented to the left. The values ofr*ofall vortices lie in the range -0.54 ~ r* ~ 1.29.
At tiT = 0.71 (Figure 5c ), the two top regimes of vortex A have disappeared, and
the two remaining parts have joined together and moved up next to the free-surface,
further away from the cylinder. The extent of the vorticity layers N have become smaller
and moved to the right. The major portion of vortex J has moved further to the left of the
cylinder, but the smaller portion has moved to the right. At this instant, vortex P has
increased in scale and elongated, while moving to the right along the top surface of the
cylinder. The values of dimensionless circulation lie in the range -1.01 $; r* 5 0.31. The
corresponding velocity image at this instant differs from the previous images. Most
vectors, except the vectors around the top surface of the cylinder, are pointing up at an
angle of about 45° from a horizontal line. The velocity field has reversed its direction from
the last image.
Further details are given in Appendix C. All vorticity images have the same
minimum, maximum, and incremental values ofvorticity, corresponding to CUmin =-40 s-l,
- 40 -1 d A - 2 -1CU max - s, an uCU - s .
3.4 Discussion of Vorticity, Velocity, and Streamline Patterns of Selected
Images.
Figures 6a through 6d show vorticity, velocity, and streamline patterns of selected
images for the case of the cylinder penetrating through the free-surface (Case 1). Figure
6a contains vorticity, velocity, and streamline patterns corresponding to tiT = 0.46. The
streamlines show a close relationship to the vorticity concentration, vortex A, near the
right side of the cylinder. For vortices Band G, however, the swirling streamline patterns
do not exist, due to the lack of the large-scale concentrations ofvorticity.
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Figure 6b contains vorticity, velocity, and streamline patterns at tiT = 0.62.
Similar to figure 6a, the swirling pattern of streamlines shows a large-scale of vortex A.
The patterns do not exist for vortices B, G, and H.
Figure 6c shows vorticity, velocity, and streamlines at tiT = 0.77. In contrast to
the previous images, the swirling streamline patterns do not exist in this image. This is
due to the lack oflarge-scale concentrations ofvorticity.
Figure 6d contains vorticity, velocity, and streamline patterns at tiT = 0.85. The
swirling streamline pattern occurs in this image, due to the large-scale of vortex A.
Vortices I, G, and H, on the other hand, the swirl patterns do not exist, because the
concentration of these vortices is not large enough.
3.5 Discussion of Streamwise Variation of Horizontal Velocity Near the Free-
Surface of Selected Images.
Figures 7a through 7j show plots of streamwise variation of dimensionless surface
velocity, UslUw, near the free-surface for selected images from Case I and Case 2.
UslUw varies along the dimensionless xID axis, the origin, xID = 0 is at the center of the
cylinder. Uw is the maximum magnitude of the vertical velocity of the wave. The
equation of the motion of the wave in the vertical plane is y = Asin(21tft), thus the vertical
velocity is 21tfAcos(21tft). Therefore, the maximum magnitude of the vertical velocity of
the wave is 21tfA. It has values of 29.7 mrnls and 24.5 mrnls for Case 1 and Case 2,
respectively.
For Case 1, the variation ofUslUw in Figures 7a, 7d, and 7e is smooth compared
to Figures 7b and 7c. In almost all figures, UslUw has a large magnitude near the top
surface of the cylinder, close to xID = 0, except in Figures 7b and 7c.
For Case 2, the variation ofUslUw is not as smooth as for Case 1. Dimensionless
surface velocity near the location xID = 0 is negative. The maximum Us/Uw in all figures
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lies to the right for 1.5 ~ xID ~ 2.3. The values of the dimensionless UslUw tends to
increase from xID = 0, then decreases at xID = 2.0.
In all figures, the corresponding velocity and vorticity images are also given in
order to facilitate understanding of the variation ofUslUw along xID axis.
19
4. CONCLUSIONS
The Keulegan-Carpenter number used in the present experiments is less than four.
According to Williamson (1985) and Obasaju et.a!. (1988), patterns of vortex formation
generated from a circular cylinder in a steady flow or from an oscillating cylinder in
quiescent fluid as KC ~ 4 are symmetric. However, the vortex patterns obtained from the
present experiments are highly asymmetric with respect to the vertical plane of symmetry
of the cylinder. Therefore, the progressive wave generated past the cylinder causes the
asymmetry of the vortex patterns.
For the case of the cylinder penetrating through the free-surface, most vortices are
generated from the right surface of the cylinder, while only a few are generated from the
left surface. All vortices travel to the right, including the ones generated from the left
surface, and move out of the plane of interest at the end of a cycle. The vortex patterns
repeat from cycle to cycle.
As the depth of submergence of the cylinder increases (Case 2), the majority of the
vortices is generated from the right surface of the cylinder. However, more vortices are
generated from the other side of the cylinder in this case than in the previous case. Most
vortices move to the right, further away from the cylinder, but a few vortices move to the
left.
As the depth of submergence increases further (Case 3), more vortices are
generated from the left side of the cylinder than in the two previous cases. Vortex
patterns tend to be more symmetric. The majority of the vortices still moves to the right.
A few of them move to the left, out of the plane of interest, at the end of a cycle. The
vortex patterns repeat from cycle to cycle.
In conclusion, vortex patterns generated from a circular cylinder close to the free-
surface of a progressive wave are highly asymmetric. However, the vortex patterns tend
20
to be more symmetric as the depth of submergence increases. They behave differently
than the patterns obtained by Williamson (1985) even though the KC numbers are in the
same range, i.e., the symmetric regime. Thus, the progressive wave generated past the
cylinder causes the asymmetric patterns of vortices.
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Figure 1a: Top and side views of test section in wave tank.
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Figure 1b: Closeup view of test section and plane of interest in wave tank.
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Figure 2a: Evolution of mean instantaneous measured flow field for different wave positions.
(a) wave crest passage tIT =0; (b) tIT =0.09; (c) tIT =0.23; (d) ttr = 0.37; (e) ttr =0.46; (f)
t!T =0.61; (g) t!T = 0.75; (h) ttr =0.88. (After Jarno-DrualLx and Belorgey, 1994)
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Figure 2b: Measured velocity fields at values of tIT shown by the number in the circle, for (i) e!D
= 0.09, KC = 4.9, and (ii) e!D = 0.5, KC = 4.9. (After Jarno-Druaux, Sakout, and Lambert, 1995)
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Figure 3a: Development of vortices from cylinder in a progressive wave. Wave frequency = 0.35 Hz, dimensionless
amplitude of wave ND = 0.27, and dimensionless frequency fD2jy = 972. Nominal depth of submergence of cylinder =
omm; minimum and maximum values of instantaneous submergence are hmin = -6.5 mm and hma< = 6.5 mm. Positive and
negative vorticity is represented respectively by thick and thin lines. Minimum and incremental values of vorticity are comin
= -40 S·l and 6CO = 2 s·t
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Figure 4a: Development of vortices from cylinder in a progressive wave. Wave frequency = 0,30 Hz, dimensionless
amplitude of wave AID =0,26, and dimensionless frequency f0 2/v ;, 833. Nominal depth of submergence of cylinder = 9
mm; minimum and maximum values of instantaneous submergence are hm;n= 5 mm and hmox = 13 mm. Positive and negative
vorticity is represented respectively by thick and thin lines. Minimum and incremental values of vorticity are cum;" = -40 S·I
and L'o.cu =2 S·l
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Figure Sa: Development of vortices from cylinder in a progressive wave. Wave frequency = 0.25 Hz, dimensionless amplitude of wave AID = 0.39,
and dimensionless frequency f0 2/v = 694. Nominal depth of submergence of cylinder = 26 mm; minumum and maximum values of instantaneous
submergence are hmio = 23 mm and hm", = 29 mm. Minimum and incremental values of vorticity are cumi" = -40 S·l and 6cu = 2 S·l. Positive and negative
vorticity is represented respectively by thick and thin lines.
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Figure 6a: Vorticity, velocity, and stremline of Case 1 at tff =0.46.
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Figure 6b: Vorticity, velocity, and streamline of Case 1 at tff =0.62.
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Figure 6c: Vorticity, velocity, and streamline of Case 1 at tiT = 0.77.
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Figure 6d: Vorticity, velocity, and streamline of Case 1 at tff =0.85.
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Figure 7a: Streamwise variation of dimensionless velocity UlUw tangent to the frec-
surface at tff = O. Case 1.
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Figure 7b: Streamwise variation of dimensionless velocity U/Uw tangent to the free-
surface at tiT =0.08. Case 1.
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Figure 7c: Streamwise variation of dimensionless velocity U/Uw tangent to the free-
surface at t!f = 0.15.· Case 1.
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Figure 7e: Streamwise variation of dimensionless velocity U/Uw tangent to the free-
surface at tff = 1. Case 1.
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Figure 7h: Streamwise variation of dimensionless velocity UsfUw tangent to the free-
surface at t!f =0.38. Case 2.
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Figure 7i: Streamwise variation of dimensionless velocity UlUw tangent to the free-
surface at tIT =0.44. Case 2.
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h A hmin hmax f fD2fv A- n KCA(mm) (mm) (rom) (mm) (Hz) (mm)
Case 1 0 13.5 -6.5 6.5 0.35 972 782 2.02 1.67
Case 2 9 13 5 13 0.30 833 675 1.82 1.61
Case 3 26 20 23 29 0.25 694 977 2.54 2.47
Table 1: Summary of parameters for three experiments.
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Appendices A, B, and C
These appendices contain further details of Case 1, 2 , and 3. Appendix A
contains Figure Al to Figure A8, Appendix B contains Figure B1 to B11, and Appendix C
contains Figure Cl to Figure C16. In each figure, vorticity and its corresponding velocity
images are shown. In all vorticity images, solid lines represent positive vortices and
dashed lines represent negative vortices. All vorticity images have the same minimum,
maximum, and incremental values of vorticity, corresponding to cumin = -40 s·l, cu max =
40 s·l, and /).CU =2 s·l.
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B. I at tiT =0.08.Figure AI: Case
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Figure A:2: Case 1 at VI = 0.23.
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Figure A3: Case 1 at tff = 0.38.
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Figure A4: Case 1 at tIT = 0.54.
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Figure AS: •Case 1 at tfI' =0.69.
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Figure A6: Case 1 at t!T == 0.85.
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Figure A7' Case 1 at t!T = 0.92.
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Case 2 at trr =0.06.Figure Bl:
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Figure B2: Case 2 at t!f =0.19.
62
Figure B3: Case 2 at tIT = 0.31.
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Figure B4: Case 2 at tIT =: 0.44.
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Case 2 at tIT =0.56.Figure B5:
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Figure ES' C. ase 2 at tIT = O.S1.
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Figure B9: Case 2 at tIT = 0.88.
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Figure BlO: Case 2 at tIT = 0.94.
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Figure B11: Case 2 at tIT ::: 1.
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3 t tIT = 0.05.Figure Cl: Case a
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Figure C2: Case 3 at tIT = 0.10.
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Figure C3: Case 3 at tIT = 0.19.
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Figure C4: Case 3 at tIf = 0.24.
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Figure C5: Case 3 at tIT = 0.33.
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Figure C7: Case 3 at tIT = 0.48.
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Figure C8: Case 3 at t!T = 0.52
79
·"
, , :'.:
'..', ;~,'
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Figure CI0: Case 3 at trr = 0.67.
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Figure Cll: Case 3 at t!I = 0.76.
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Figure C13: Case 3 at t!T = 0.86.
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Figure C14: Case 3 at trr =0.90.
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Figure CIS: Case 3 at tfT == 0.95.
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6 Case 3 at tIT = l.Figure Cl :
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Appendix D: Calculation of Orbital Parameter Q
From Lighthill (1978), the major and minor semi-axes of an ellipse of a fluid
particle at a location z are given as:
co -1 k<1>ocosh[k(z + h)], and
co-1k<1>osinh[k(z + h)], where,
h is the water depth in the wave tank.
z is the location of the center of the cylinder, positive z is measured upward from the free-
surface
k is the wave number = 2It/A
co is the angular frequency of the wave
<1>0 is the velocity gradient at z = 0
In this thesis, n is defined as the ratio of the major to minor axes of the ellipse, therefore,
n = co -lk<I>ocosh[k(z + h)]/co -lk<I>osinh[k(z + h)]
= cosh[k(z + h)]/sinh[k(z + h)]
Casel: Al = 7.82 m
zl = -2.54 cm
k1 =2It/Ai
n 1 = cosh(O.542)/sinh(O.542)
= 2.02
Case2: A2 = 6.75 m
z2 = -3.44 cm
k2 =2It/A2
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02 = eosh(O.6196)/sinh(O.6196)
= 1.82
Case3: /..3 =9.77 m
z3 =-5.14 em
k3 = 2n//..3
03 = eosh(0.4171)/sinh(0.4171)
=2.54
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